As a crystallization process, the field-aided lateral crystallization (FALC) technique has some outstanding advantages, such as high crystallization rate and low process temperature. In this study, an array of polycrystalline silicon thin film transistors (TFTs) was fabricated on a corning 1737 glass substrate using Ni catalyst. The electric field applied through common electrodes connected to the source and drain led to directional crystallization from the negative-electrode side to the positiveelectrode side at 550
Introduction
Over the last several years, extensive research has been carried out to develop low temperature polycrystalline silicon (poly-Si) for use in high performance poly-Si-based thin film transistors (TFTs), which can be applied for either active-matrix liquid crystal displays (AMLCDs) or, more recently, active-matrix organic light emitting diode (AMOLED) displays.
1) Such an advantage enables us to fabricate superior flat panel displays that have high resolution and a high aperture ratio as a result of reducing the size of the pixel transistor and the width of the metal line.
2,3)
The most important technical issues for achieving a highperformance poly-Si TFT array are the development of a low temperature process and ensuring the homogeneous crystallization of amorphous silicon. Up to now, the thermal process for the crystallization of a-Si has shown better uniformity than that of the laser assisted process, which has an advantage for the application to large-area devices. Among the many thermal processes for the fabrication of poly-Si, particular attention has been paid to the metal induced lateral crystallization (MILC) process because it can lower the crystallization temperature below 550 C. 4) However, it has drawbacks such as a low crystal growth rate and metal impurity incorporation in the transistor channel region. 5) In our previous study, we proposed a modified technique named field aided lateral crystallization (FALC), in which an electric field is applied during heat treatment. Because of the influence of the electric field, the crystallization rate increases considerably and the grains become larger. However, during the crystallization process in typical FALC process, the electric field strength in each pixel transistor between the electrodes varies with the location of the transistor in the panel, which results in nonuniformity in crystallization and transistor characteristics. In this report, therefore, the electric field was applied directly to each individual pixel transistor through common electrodes connected separately to the source and the drain. We investigated the grain shape and size of crystallized poly-Si grown under the influence of an electric field and compared them with those of grains grown without using an electric field. Finally, the field effect carrier mobility of the TFTs on the array module was evaluated.
Experimental Procedure
A 50-nm-thick amorphous silicon (a-Si) film was deposited by low-pressure chemical vapor deposition (LPCVD) at 400 C using SiH 4 as a source gas on a corning 1737 glass substrate coated with 300-nm-thick silicon oxide. Arrays of transistor patterns of W=L from 10/10 to 100/100 mm were defined on a-Si film by photolithography. Active layers were formed by reactive ion etching (RIE) using SF 6 and O 2 mixed gases. By via-hole photolithography, a Ni layer of 2 nm thickness was deposited only on the source and drain regions, which was followed by phosphorus doping using same mask pattern. Ion mass doping (IMD) was used for phosphorus doping, and the acceleration voltage of phosphorus ions was 10 kV. All the sources and drains of the transistors were connected separately to 100 nm-thick Mo electrodes. The crystallization process was performed in N 2 ambient for 5 h at 550 C applying an electric field intensity of 200 V/cm. After crystallization, the gate oxide and gate electrode were formed on the channel region. The fabrication steps are shown in Fig. 1 . In the panel, some of the pixel transistors were not connected to the electrodes so as to compare the characteristics of transistors processed by FALC and MILC. The crystallization behavior in the array of transistors was observed using an optical microscope, and the grain size and grain shape were analyzed using a scanning electron microscope. The degree of crystallization was calculated from the separation between the a-Si peak and the poly-Si peak obtained from Raman spectroscopy. The TFT characteristics were measured using a HP4140B pA meter/DC voltage source.
Results and Discussion
The crystallization velocity for both the zero electric field (MILC) and the electric field samples at various crystallization temperatures was examined, and the results are represented graphically in Fig. 2 . From this plot, the kinetic for crystallization freezes at around 470 C in the case of MILC. On the other hand, in FALC, we can lower the crystallization temperature down to around 400 C. In addition, at the crystallization temperature of 500 C, the FALC process showed about hundred times higher crystallization velocity. This result implies that if we sacrifice some of the crystallization velocity, it is possible to lower the crystallization temperature further. The detail of the crystallization mechanism of FALC was discussed in our previous paper. 6) In the TFT array, the transistors were isolated from each other, and the key to adapting the advantages of FALC is how to apply a uniform electric field to each transistor. To solve this problem, we introduce the concept of common electrodes. Optical microscope image of the common electrodes and active areas with W=Ls of 10/100, 50/100, and 100/100 mm is shown in Fig. 3(a) . The left side of each active area is connected to a Mo common electrode, and the right side is connected to another Mo common electrode. Using common electrodes, we could apply a very uniform electrical field strength of 200 V/cm to each isolated transistor in the array module. Figure 3 (a) shows images after crystallization, and the details are shown schematically in Fig. 3(b) for clarity. Figure 3(c) shows the optical microscope image of a channel with W=L of 100/100 mm after crystallization by FALC for 5 h. The channel region is fully crystallized under the electric field of 200 V/cm. In this image, we cannot find a marker in the channel region, which always appears in the case of MILC due to the residual metal impurity. This result implies that the channel area is directionally crystallized in FALC. From the mechanism of Ni induced crystallization, the grain boundary consists of a Ni-rich phase, and the metal residue at the boundary is a major path for the large off-state leakage current in TFTs. 6, 7) The directional crystallization in FALC can sweep this harmful metal residue out to either the source area or the drain area; thus, one can overcome this inherent problem in metal-induced crystallization. On the other hand, in the case of MILC [ Fig. 3(d) ], the channel area is not fully crystallized in the same process time to FALC process. This is evidence that the crystallization velocity of FALC is faster than that of MILC, which is another advantage of the FALC process.
Microstructures of poly-Si are observed using a scanning electron microscope, and the results are shown in Fig. 4 . As shown in Fig. 4(a) , FALC-processed poly-Si has elongated grains of up to 2 mm parallel to the direction of the electric field. In contrast, MILC-processed poly-Si has a smaller grain size than that of FALC and does not show directionality in grains. In addition, it is not uneasy to recognize that the degree of crystallization in the poly-Si region by FALC is much higher than that by MILC. These results indicate that one can control the channel microstructure by adapting FALC. Since the degradation of carrier mobility in the channel is directly associated with the grain-boundary scattering, it is expected that the field effect mobility can be enhanced in FALC-processed poly-Si TFTs. Figure 5 shows the Raman spectrum of high quality polySi crystallized by FALC. For Raman analysis, LabRam HR (Jobin-Yvon) was used, and the wavelength of the Ar-ion laser was 514 nm. The Raman spectrum of poly-Si formed by post annealing of a-Si film can be divided into two distinct peaks corresponding to an amorphous phase and a crystalline phase. The amorphous phase is known to have a low intensity and broad peak at around 480 cm À1 , whereas the crystalline phase has a sharp peak at 520 cm À1 . A poly-Si peak at around 505.5 cm À1 is also reported by Tay et al.
8)
The crystalline volume fraction of poly-Si was calculated from the integrated intensities of the partial peaks using with Gaussian fits for the amorphous peak (I a ) and Lorentzian fits for the crystalline peaks (I c ). 9) Tsu et al. reported the following equation for crystalline volume fraction (X c ). 10) In this equation, is the ratio of the backscattering cross sections between amorphous and crystalline phases, and the most widely used value is 0.8.
In accordance with (1), the Raman spectrum shown in Fig. 5 was deconvoluted by three partial peaks (dashed lines), and the crystallization volume fraction turned out to be 0.94. In this figure, the transverse optical (TO) band associated with the amorphous phase at around 480 cm À1 almost disappeared because of the high quality of the FALCprocessed poly-Si. parameters are listed in Table I . Both FALC-and MILCprocessed TFTs show large I on =I off ratio of over 10 6 . The field effect mobility was calculated from (2) in the linear region (V ds ¼ 0:1 V), and they were about 120 cm 2 /(VÁs) in the FALC TFT and 40 cm 2 /(VÁs) in the MILC TFT.
The higher crystalline volume fraction, directional crystallization parallel to the channel and the larger grain size in the FALC-processed poly-Si are attributed to the high field effect mobility. In addition, the off-state leakage current of the FALC-processed TFT is smaller than that of the MILCprocessed TFT at À10 V. This stable leakage current behavior in the off-state results from the minimal metal residue in the channel area because of the directional crystallization obtained by applying an electric field during the annealing process in FALC. The threshold voltage was calculated from the saturation region (I ds 1=2 -V gs curve), and is 4.9 V in the case of the FALC TFT, which is about 1.5 V lower than that of the MILC TFT.
Conclusions
The FALC process is superior to the MILC process in the sense that not only a higher crystallization velocity but also a considerable degree of crystallization can be achieved. The crystallization velocity of FALC is hundred times larger than that of the zero-electric field crystallization process at the same temperature of 500 C. Such crystallization behaviors are attributed to the application of an electric field.
To induce uniform crystallization in individual pixel transistors in an array, voltage was applied to the transistors through a common source electrode and a common drain electrode. The crystallization of the channel region for every transistor in the array exhibited directionality and uniformity with a fast crystallization velocity. The grains formed by FALC were elongated along the field direction and their length reached to 2 mm. In FALC-processed poly-Si, the crystalline volume fraction calculated from the Raman spectrum was 0.94. The field effect mobility of 120 cm 2 / (VÁs). and the off-state leakage current of 6:4 Â 10 À12 A (at V gs ¼ À10 V, V ds ¼ 0:1 V) were superior to those obtained by MILC. represent the crystalline peak at 520 cm À1 , the poly-Si peak at 510 cm À1 , and the a-Si peak at 483 cm À1 by the deconvolution of the original Raman spectrum. 
